After UV doses that disrupt DNA replication, the recovery of replication at replication forks in Escherichia coli requires a functional copy of the recF gene. In recF mutants, replication fails to recover and extensive degradation of the nascent DNA occurs, suggesting that recF function is needed to stabilize the disrupted replication forks and facilitate the process of recovery. We show here that the ability of recF to promote the recovery of replication requires that the disrupting lesions be removed. In the absence of excision repair, recF ؉ cells protect the nascent DNA at replication forks, but replication does not resume. The classical view is that recombination proteins operate in pathways that are independent from DNA repair, and therefore the functions of Rec proteins have been studied in repair-deficient cells. However, mutations in either uvr or recF result in failure to recover replication at UV doses from which wild-type cells recover efficiently, suggesting that recF and excision repair contribute to a common pathway in the recovery of replication.
The uvrA, uvrB, and uvrC genes of Escherichia coli are required for the incision and removal of UV-induced lesions from the DNA. E. coli strains mutated in any one of these genes are unable to remove these lesions and are extremely sensitive to UV irradiation (10, 39) .
Other mutations which confer hypersensitivity to UV include those in the recF gene, which was originally identified as a gene required for conjugational or transductional recombination in recBC sbcBC mutants (15) . In an otherwise wild-type background, however, the recF mutants are fully proficient in recombination by these assays, although, interestingly, they remain hypersensitive to UV irradiation. recO and recR mutants were identified independently and are equivalent to recF mutants in their UV sensitivity and recombinational phenotypes when tested alone or in a recF background (21, 29) . Together, these genes are commonly considered to operate in the recF pathway of recombination or repair (3, 24, 46) .
RecF function appears to be tightly associated with DNA replication in vivo. At the genomic level of organization, recF and recR are polycistronic with the dnaN and dnaXZ genes, respectively (9, 32) . Both dnaN and dnaXZ encode core subunits of the replication holoenzyme. Additionally, a mutation in priA, a component of the primosome, has been shown to be lethal in combination with a recF mutation. Suppressors of this lethality map to the dnaC gene, which is yet another component of the replication machinery (40, 41) .
A functional recF gene is implicated in several aberrant forms of replication, such as plasmid linear multimer formation, rifampin-resistant plasmid replication, stable DNA replication, and thymineless death (20, 25, 27, 28, 31) . While these processes are all abnormal and nonproductive for cellular survival, they all involve extensive DNA replication.
The recovery of replication in UV-irradiated E. coli also requires a functional copy of the recF gene. In its absence, replication fails to recover and extensive degradation of the nascent DNA occurs (7) . We hypothesized that the UV hypersensitivity of recF cells could be explained by a failure of these cells to recognize and resume replication from disrupted replication forks (7) .
A role for RecF in the resumption of replication from disrupted replication forks could also explain how recF may promote recombination. Genetic and biochemical data suggest that RecF-mediated recombination utilizes a recombinational intermediate which mimics the structure of a disrupted replication fork. For recombination to occur in vivo, a 3Ј singlestranded overhang must be paired with homologous duplex DNA (1, 18, 22, 23, 26, 33) . In the case of a disrupted replication fork, this identical structure is created by the leading strand of DNA synthesis, which polymerizes an invading 3Ј DNA end into a homologous duplex template (7) .
The ability of RecF to promote the resumption of replication from the site of disruption in UV-irradiated cells may remain blocked by the replication-arresting lesions. If the resumption of replication requires that the arresting lesions must first be repaired, then one would predict that nucleotide excision repair should have a large effect on the resumption of replication. Indeed, the discovery of nucleotide excision repair followed from the characterization of UV-sensitive bacterial mutants in which replication did not recover (42) . In order to understand the mechanism of replication recovery more clearly, we have characterized the role of excision repair in the ability of RecF to promote the recovery of replication.
MATERIALS AND METHODS
Bacterial strains. SR108 is a thyA36 deoC2 derivative of W3110. HL946 (SR108 recF332::Tn3), HL952 (SR108 uvrA::Tn10), HL925 (SR108 uvrC::Tn10), and HL1034 (SR108 recA::Tn10) were made by P1 transduction of the recF332::Tn3, uvrA::Tn10, uvrC::Tn10, and ⌬(srlR-recA)306::Tn10 markers from strains HL556, HL758, HL765, and JC10289, respectively. The recF, uvrA, uvrC, and recA phenotypes were checked by UV sensitivity.
Qualitative survival following UV irradiation. A fresh overnight culture was evenly applied onto a Luria-Bertani medium plate with a cotton swab and incubated at 37°C for 1 h. The plate was covered by a sheet of aluminum foil and placed under a 15-W germicidal lamp (254 nm; 0.6 J/m 2 /s). The foil was progressively retracted following 20-J/m 2 exposures. The irradiated plate was then incubated at 37°C for 8 h and photographed.
Time course of replication recovery. Cells were grown in Davis medium supplemented with 0.4% glucose, 0.2% Casamino Acids, and 10 g of thymine per ml (DGCthy medium) and containing 1. 8 .0], 10 mM EDTA), pelleted, and lysed in 0.4 ml of 0.5 M K 3 PO 4 (pH 12.5) containing 40 l of 10% sarcosyl. The solution was then subjected to isopycnic alkaline CsCl gradient sedimentation as described previously (45) . Thirty fractions were collected on Whatman no. 17 paper. The amounts of 14 C and 3 H in each fraction were determined by scintillation counting.
Measurement of global DNA repair. Cells were grown in DGCthy medium containing 1.0 Ci of [ 3 H]thymine per ml to an OD 600 of 0.4, at which point cells were irradiated with a dose of 25 J/m 2 in the defined medium and returned to the shaking, 37°C water bath. Ten-milliliter samples were removed at each time point and mixed with 2 volumes of ice-cold NET. Cells were pelleted, resuspended in 0.5 ml of NET and 100 g of RNase per ml, and lysed by sonication in a Branson Sonifier. Ten microliters of 10-mg/ml proteinase K and 10 l of 10% sarcosyl were added to the lysate and incubated for 1 h at 65°C. The DNA was extracted with phenol-chloroform and precipitated in 2.5 M ammonium acetate and 2 volumes of ethanol. Purified DNA was resuspended in NET. The concentration of each sample was determined by fluorometry with Hoechst 33258 dye (2) . The removal of cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs) from the DNA was measured by using an immunoassay (19) . Following denaturation by boiling, 200 ng (CPDs) or 1 g (6-4PPs) of each DNA sample was loaded in triplicate onto a Hybond Nϩ membrane, using a slot blot apparatus. The membrane was incubated for 2 h in the presence of a mouse antibody against either CPDs (TDM-2) or 6-4PPs (64M-2) diluted 1:2,000 in phosphatebuffered saline (PBS) (antibodies were a generous gift from Toshio Mori [30] ). Horseradish peroxidase-conjugated secondary antibodies were used at a dilution of 1:5,000 and detected with enhanced chemiluminescence (Amersham) and subsequent phosphorimager (Bio-Rad) analysis. Following detection, the amount of 3 H-labeled DNA loaded in each slot was confirmed by scintillation counting.
DNA degradation following UV irradiation. Cells were grown in DGCthy medium containing 0. 
RESULTS
Replication recovery is inhibited in excision repair mutants and in recF mutants. The recF gene is generally considered to function independently of the uvr genes. However, the survival following moderate doses of UV requires that both genes be functional ( Fig. 1) (35) . Previous studies revealed a dose-dependent inhibition of replication in both excision-deficient mutants and recF mutants (35, 37, 42) . To assess the contributions of excision repair and recF in the normal recovery process, we compared the recovery of replication in uvr and recF mutants to that in wild-type cells.
Using the incorporation of [ 3 H]thymine to quantitate replication, we found that following UV irradiation with 25 J/m 2 , the wild-type cells exhibited a brief arrest of DNA synthesis before replication resumed at a rate comparable to that in unirradiated cells. However, when recF or uvr mutants were examined, the recovery of replication either was significantly delayed or did not occur ( Fig. 2A) .
The inhibition of replication in recF and uvr mutants can also be observed by density labeling the DNA with 5-bromouracil to quantitate the amount of DNA replicated during the first hour after irradiation. Cultures receiving either 25 J/m 2 or no irradiation were incubated in medium containing 5-bromouracil (in place of thymine) for a period of 1 h, so that any DNA replicated during this period would be of a greater density than the DNA synthesized before the time of irradiation. The denser, replicated DNA in each culture was separated from the rest of the DNA by centrifugation in an isopycnic alkaline CsCl gradient and quantitated. By this assay, irradiated wild-type cells had replicated nearly as much DNA as the unirradiated control. However, neither the recF nor the uvr mutants appeared to replicate significant amounts of DNA within this period of time (Fig. 2B) . In contrast, while recBC mutants are just as sensitive to UV as recF mutants, they recover replication normally following UV irradiation, suggesting that the failure to recover replication is not related to increased cell death in these populations (7) .
The loss of replication recovery in either the recF or uvr mutants, at doses from which wild-type cells completely recover, suggests that functional copies of the recF, uvrA, and uvrC genes are required for the efficient recovery of replication. The results also suggest that in a wild-type cell, recF function in replication recovery is greatly enhanced by the presence of excision repair.
recF mutants do not recover replication despite the repair of the UV lesions. recF mutants have been reported to have an altered induction of the SOS response (48) . SOS induction has been demonstrated to enhance the excision repair rate of the primary UV photoproducts (8) . Thus, the lack of recovery in recF mutants could be due to a failure to repair DNA lesions efficiently. However, Rothman and Clark found that the ability of UV-irradiated phage lambda to infect and form plaques was not significantly impaired in recF cells, implying that excision repair was functional (35) . Rothman then demonstrated by thin-layer chromotography that dimers were excised in recF cells (34) . To confirm this, we examined the rate of removal of the two primary DNA lesions produced by UV, the 6-4PP and the CPD, using monoclonal antibodies directed against each lesion.
In agreement with the results of Rothman and Clark (35), we found that recF cells removed both lesions with rates comparable to those of wild-type cells (Fig. 3) . uvrA mutants, as expected, did not remove significant amounts of either lesion. Although no difference between the rates of 6-4PP removal in wild-type and recF cells could be detected, we observed a slight reduction in the rate of removal of CPDs in recF mutants, which may be a consequence of the delayed induction of the SOS response. However, repair was nearly complete within an hour in both the wild type and recF mutants, suggesting that the lack of replication recovery in recF cells is not due to a failure to remove lesions from the template. Nascent-strand degradation at the replication fork occurs following replication disruption. The failure to recover replication in UV-irradiated recF mutants is associated with the extensive loss of nascent DNA made just prior to irradiation. Since replication also fails to recover in uvr mutants, we examined the degradation pattern in these mutants to determine whether their phenotype was similar to that of the recF mutants. Exponentially growing, [ 14 C]thymine-prelabeled cultures were pulse-labeled with [ 3 H]thymine for 10 s to label the DNA at replication forks and then transferred to nonradioactive medium just prior to irradiation. The 14 C prelabel allowed us to compare the degradation occurring in the overall genome to that in the 3 H-labeled DNA made at replication forks just prior to UV irradiation.
Wild-type cells degraded very little of their overall genomic DNA following irradiation. However, the nascent DNA exhibited moderate degradation at times prior to the recovery of replication, as determined above. The increase in 3 H after 60 min is probably due to intracellular pools of [ 3 H]thymine incorporated following recovery which we were unable to wash out (data not shown). In contrast to wild-type cells, the recF mutant degraded approximately half of the nascent DNA. Similar to the case for wild-type cells, however, the degradation in recF cells was localized primarily to the replication fork DNA, and very little degradation of the genome overall was detected (Fig. 4A) .
In contrast to the case for the recF mutants, the nascentstrand degradation in the uvr mutants was limited to approximately the extent and duration seen in wild-type cells (Fig. 4B) . This result is interesting, because although neither uvr nor recF mutants recovered replication, the uvr mutants did not display the extensive nascent-strand degradation associated with recF deficiency. The absence of the uvr proteins, however, did not seem to prevent the disruption of replication, since degradation still occurred in the uvr mutants. In addition, a recF uvrA double mutant exhibited the same extensive nascent-DNA loss as did the recF single mutant (Fig. 4C) .
Thus, while replication disruption appears to occur in wildtype, uvr, and recF cells as evidenced by the loss of nascentstrand DNA following UV irradiation, only recF cells fail to recognize the nascent strands and to protect them from extensive degradation. The results suggest that the failure to recover replication in uvr mutants is not due to a failure to recognize and protect the nascent strands of the disrupted DNA fork.
Replication is only partially inhibited at low UV doses. Previous studies that have focused on the recombination pathways of E. coli have examined postirradiation replication in either recF or uvr mutants at lower doses of UV (11-13, 37, 38 we found that replication is significantly inhibited following UV irradiation, we examined replication in these mutants at the lower doses used in other studies.
The amount of replication occurring postirradiation was quantitated as before by incubating irradiated cultures in 5-bromouracil to density label any DNA replicated within a 1-h incubation period. The denser, newly replicated DNA was then separated in an isopycnic alkaline CsCl gradient, and the amounts replicated after various doses were compared.
Consistent with the results of previous studies (36, 37, 42), we found that replication was only partially inhibited at the lower doses. In either mutant, the inhibition of replication increased as the UV dose increased, and the levels of inhibition for the uvrA and recF mutants were roughly comparable at a given dose (Fig. 5A and B) . However, the fact that wild-type cells completely recover replication at doses which totally inhibit recovery in either mutant suggests that the resumption of DNA synthesis in wild-type cells is dependent on both gene products (Fig. 2B) .
In contrast to the case for recF and uvrA mutants, the inhibition of replication occurs at much lower doses in recA cells (Fig. 5C ). In addition, the recA cells degrade 80 to 90% of both the nascent and genomic DNAs following even a low UV dose (7) . The DNA degradation which occurs in recA cells has been shown to progress back from disrupted replication forks and does not occur in nonreplicating cultures (16) . Since replication is disrupted at these low fluences in recA cells, it is unlikely that the partial inhibition seen in recF and uvrA mutants is due to a nonuniform exposure of the cell population to UV.
DISCUSSION
Following UV irradiation, recF and uvr mutants fail to recover replication at doses from which wild-type cells recover efficiently. In recF cells, the DNA lesions are removed but the nascent strands of the disrupted replication fork are not protected and undergo more extensive degradation. In uvr mutants, the nascent strands are recognized and protected, but the recovery of replication remains blocked because the UV lesions are not removed. The data strongly suggest that in wild-type cells, both RecF and excision repair operate in a common pathway of replication recovery.
We believe that the data are most consistent with the idea that following the disruption of replication by UV irradiation, recF function is required for the resumption of DNA synthesis from the disrupted replication forks following the removal of the UV lesions by excision repair (Fig. 6) . The disruption of replication as evidenced by the transient arrest of DNA synthesis and loss of nascent DNA presumably allows both the time and accessibility required for excision repair to occur.
Because recombination proteins are usually considered to FIG. 4 . Following irradiation, increased degradation occurs at the growing fork in recF mutants but not uvr mutants. 
VOL. 181, 1999
recF AND uvr IN REPLICATION RECOVERY FOLLOWING UVfunction independently from the process of nucleotide excision repair, previous models of RecF function have focused on how replication deals with lesions that arrest replication but which cannot be repaired. A large body of work on uvr mutants has demonstrated that following UV irradiation, the limited replication that occurs in the absence of excision repair is accompanied by significant amounts of recF-dependent strand exchange (11, 13, 37, 38) . It has been proposed that in this case DNA replication can resume downstream of DNA lesions, creating single-strand gaps which are later repaired through recF-dependent strand exchanges with sister chromosomes, a process termed postreplication recombinational repair or daughter strand gap repair (14) . Both the model presented in Fig. 6 and classical postreplication repair models suggest that replication is disrupted and then resumes upon encounters with UV lesions. The data presented here suggest that excision repair plays a large role in the ability to resume replication in wild-type cells. As presented in Fig. 6 , if excision repair occurs following disruption, replication may simply resume from the site of disruption rather than reinitiating from a new site downstream. The lack of replication recovery in UV-irradiated recF mutants despite the proficient overall repair of the genome suggests that following disruption, replication does not efficiently resume downstream of disrupting lesions. If it did, one might expect recF mutants to have wild-type levels of replication recovery but simply leave a gap(s) at the site(s) of disruption. Further, the fact that the nascent DNA is accessible to nucleases indicates that the region is not hidden by a stalled replication complex and implies that the region may also be accessible to repair enzymes. However, we cannot exclude more complex models in which replication reinitiates downstream of the lesion but then arrests again until the required steps of both recombination and repair have been completed.
The partial recovery which occurs in uvr and recF mutants following low doses of UV may highlight the conditions which promote recombination. However, it may not represent the predominant mechanism of recovery in wild-type cells, since the wild-type cells remain unaffected under these conditions while significant reductions in both replication recovery and cell survival occur in either mutant. The fact that replication is not completely inhibited at low doses in these mutants could suggest that a class of lesions (such as those on the laggingstrand template) do not disrupt replication or that these mutants retain a limited ability to bypass lesions.
The general view that the recombination function is independent from excision repair derives from early studies demonstrating that a recA uvrA double mutant was more sensitive to UV irradiation than either single mutant (17) . However, wild-type cells survive irradiations producing thousands of lesions per genome, whereas a mutation in either uvrA or recA reduces the lethal dose to fewer than fifty lesions per genome, 14 C]thymine-prelabeled culture was filtered and placed in medium containing 5-bromodeoxyuracil and [ 3 H]thymine. Ten-milliliter aliquots were immediately irradiated with the indicated dose. Cells were allowed to recover in a 37°C shaking water bath for 1 h density label any replication occurring after irradiation. ᮀ, 14 C-prelabeled DNA; E, 3 H-labeled replicated DNA in unirradiated cultures; F, 3 H-labeled replicated DNA in irradiated cultures. The range of the peak fraction of 3 H in unirradiated cultures was 16,000 to 47,000 cpm for all strains. The range of the peak fraction of 14 C was 900 to 4,100 cpm in all cases. The range of the peak fraction of 14 C was 900 to 2,100 cpm in all cases. The ratio of the maximum value between the 3 H axis and 14 C axis is held constant in all graphs.
with more than 99.9% of cells losing viability before any cell death can be detected in wild-type cells (17) . The extreme hypersensitivity of either a uvrA or recA mutant suggests that the majority of the survival and recovery occurring in wild-type cells requires that both genes be functional. Similar to mutations inactivating recA, recF mutations also increase the sensitivity of uvr strains (35) . However, as is the case with recA, the increase in hypersensitivity due to the addition of a recF mutation represents an almost insignificant portion of the lethality observed in either recF or uvr mutants when compared to the survival of wild-type cells (Fig. 1) .
Other studies have also suggested a link between recombination genes and excision repair. Studies of the phenomenon termed long-patch excision repair documented a similar dependency on both the uvr proteins and recF (4) (5) (6) . Following UV irradiation, the size distribution of the DNA repair patches was found to be bimodal. At early times, short patches representing normal excision repair were the predominant species generated. However at the time that replication was seen to recover, longer patches of 1,500 and Ͼ9,000 bp in length were found. These patches, which correspond in both size and ratio to those predicted for lagging-and leading-strand DNA synthesis, respectively, have been shown by two-dimensional gel analysis to be localized at DNA replication forks (4). It is tempting to speculate that these uvr-and recF-dependent patches may in fact represent the resumption of chromosomal replication following removal of the disrupting lesions.
The biochemical activity of RecF in the initiation of replication remains unknown. RecF may serve a largely structural role. This possibility is supported by observations that RecA filaments dissociate upon encountering DNA ends. In vitro, combinations of the RecFOR proteins function by stabilizing RecA filaments at DNA ends and limit the length of filaments extending into duplex DNA (43, 44, 47) . The biochemical reaction of reassembling the replication fork structure is identical, in principle, to the mechanism by which RecA is thought to promote homologous strand pairing. The RecFOR proteins may function through stabilizing the RecA filaments which maintain the replication fork structure following disruption. Alternatively, the RecF protein may play a more active role in the reestablishment of the replication machinery at these sites. The latter possibility is attractive considering the genomic organization and genetic associations of the recF pathway with replication proteins as outlined in the introduction. It would be interesting if these associations extended to direct biochemical interactions between the DNA and replication proteins as well.
Although the cellular role of recombination proteins is tightly associated with the replication of the chromosome, recombination proteins are generally studied independently from the process of replication. Replication is able to duplicate the genome in a semiconservative fashion, without alteration, generation after generation. The fact that many of the rec mutants of E. coli appear to be compromised in this ability suggests that these proteins contribute to the semiconservative duplication of the chromosome. Recombination events, i.e., strand exchanges, occur at a very high cost to the organism, and in higher organisms they are intimately associated with genomic instability and a progression towards cancer. The requirement of strand-pairing activities for accurate resumption of replication from disrupted replication forks may be the reason that cells endure this cost. Strand exchange may be a minor, perhaps inappropriate resolution of the strand reassembly process that is required following disruption. Genetic analysis, however, whether for scoring cancer in humans or an auxotrophic marker in E. coli, reflects only the exchanges rather than the normal events that maintain the integrity of the genome. FIG. 6 . Model of replicational recovery following UV irradiation. Replication is disrupted by a UV lesion in the DNA (i). Because the replication fork has been disrupted, resumption of replication requires that strand-pairing and -exchange proteins (RecA and RecFOR) are present to reassemble and maintain the strands of the replication fork (ii) until the nucleotide excision repair proteins can remove the blocking lesions from the parental DNA template (iii) and the replication can resume (iv). In such a model, the recombination activities of the RecA and RecF proteins function exactly as they have been characterized biochemically. In vivo, however, it suggests that these enzymes are required to re-pair the strands of the replication fork as they were before the disruption event occurred, rather than pairing them with other homologous strands.
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